The human pathogen Group A Streptococcus (Streptococcus pyogenes, GAS) is widely recognized as a major cause of common pharyngitis as well as of severe invasive diseases and non-suppurative sequelae associated with the existence of GAS antigens eliciting host autoantibodies. It has been proposed that a subset of paediatric disorders characterized by tics and obsessive-compulsive symptoms would exacerbate in association with relapses of GAS-associated pharyngitis. This hypothesis is however still controversial. In the attempt to shed light on the contribution of GAS infections to the onset of neuropsychiatric or behavioral disorders affecting as many as 3% of children and adolescents, we tested the antibody response of tic patient sera to a representative panel of GAS antigens. In particular, 102 recombinant proteins were spotted on nitrocellulose-coated glass slides and probed against 61 sera collected from young patients with typical tic neuropsychiatric symptoms but with no overt GAS infection. Sera from 35 children with neither tic disorder nor overt GAS infection were also analyzed. The protein recognition patterns of these two sera groups were compared with those obtained using 239 sera from children with GAS-associated pharyngitis. This comparative analysis identified 25 antigens recognized by sera of the three patient groups and 21 antigens recognized by tic and pharyngitis sera, but poorly or not recognized by sera from children without tic. Interestingly, these antigens appeared to be, in quantitative terms, more immunogenic in tic than in pharyngitis patients. Additionally, a third group of antigens appeared to be preferentially and specifically recognized by tic sera. These findings provide the first evidence that tic patient sera exhibit immunological profiles typical of individuals who elicited a broad, specific and strong immune response against GAS. This may be relevant in the context of one of the hypothesis proposing that GAS antigen-dependent induction of autoantibodies in susceptible individuals may be involved the occurrence of tic disorders.
Introduction
Group A Streptococcus (Streptococcus pyogenes, GAS) is a common human pathogen responsible for a large variety of infections which most frequently occur at the level of the upper respiratory tract and skin causing mild diseases such as pharyngitis, impetigo and cellulitis. Less frequently, GAS infections result into life-threatening and invasive conditions, such as bacteremia, pneumonia, necrotizing fasciitis (NF) and streptococcal toxic shock syndrome (STSS) [1] . Differently from other streptococci, GAS infections can also lead to non suppurative sequelae, such as acute rheumatic fever (RF) and post-streptococcal glomerulonephritis, which appear to be associated with autoimmune reactions due to ''molecular mimicry'' between host tissues and M protein, the major GAS surface-associated antigen. In fact, anti-M specific antibodies have been proven to cross-react with human tissues, including the heart, skeletal muscle, brain and glomerular basement membranes [2] .
Post-infectious disorders secondary to GAS infections, especially RF, may present with a wide array of neurological and psychiatric pictures, characterized by the association of movement disorders (mainly chorea and tics) and behavioral disorders (mainly obsessive-compulsive symptoms, anxiety and mood disorders) [3] . The systematic classification of post-streptococcal neuropsychiatric disorders is still in progress. Two entities are however universally acknowledged: Sydenham's chorea (SC) [4] , which constitutes one of the major criteria for the diagnosis of acute RF, and post-streptococcal acute disseminated encephalomyelitis (PSADEM) [5] . In the last 15 years, it has been suggested that the clinical spectrum of these disorders might be broader. Particularly, in 1998 Swedo et al. proposed the existence of a paediatric disorder mainly characterized by tics and obsessivecompulsive symptoms exacerbating in association with relapses of streptococcal pharyngitis [6] . They indicated this phenotype with the acronym PANDAS (Paediatric Autoimmune Neuropsychiatric Disorders Associated with Streptococcal infections). This hypothesis, however, generated significant controversy, one critical issue being represented by the difficulty in confirming a temporal relationship between neuropsychiatric symptoms and GAS infections [7] [8] [9] .
In the attempt to shed some light on the possible contribution of GAS infections to the onset of neuropsychiatric or behavioral disorders, we assessed whether a broad antibody response against GAS antigens could be revealed in young patients with tic disorder, a pathological condition consisting of ''sudden, repetitive, non-rhythmic, involuntary movements (motor tic) or sounds (phonic tic) that involve discrete groups of muscles'' [10] . Sera obtained from these children were tested for their immunological reactivity versus a representative panel of GAS antigens. The analysis was carried out using the protein array technology [11] , which allows high throughput analysis of human sera against a large number of antigens. Protein chips containing 102 GAS proteins were probed with sera from tic patients and children without tics. The resulting data were compared with those obtained with chips probed with GAS-associated pharyngitis patient sera. By using this experimental approach, we were able to better define the relationship between tic disorder and immune response to GAS antigens.
Results

Micro array design and validation
To study the serological response of tic patient versus a representative panel of GAS antigens a protein array was generated by printing 102 recombinant proteins, mainly selected from the GAS SF370 M1 genome (Table S1 , Supplementary Information). The majority of printed GAS proteins were expressed as C-terminal His-tag fusions while 23 proteins where expressed as double fusions, with glutathione S-transferase (GST) at the N-terminal and with a His-tag at the C-terminal. Proteins obtained after affinity purification from the bacterial soluble fraction showed purity levels equal or greater than 70%, as estimated by densitometric scan of PAGE-SDS gels (Fig. 1A) . The protein array validation was obtained by using a defined printing scheme and control spots ( Figure 1B ). Printing 4 replicates of each antigen followed by incubation with mouse anti-sera raised against the recombinant proteins and/or GST and His fusion tags, assured that all of them were efficiently and reproducibly immobilized on nitrocellulose slides (not shown). PBS buffer, spotted on either side of each protein spot was used to detect protein carry-over during spotting and fewer than 10% of PBS spots showed signal intensities higher than the average nitrocellulose background fluorescence intensity (FI) value (see Materials and Methods). Proteins eluted after affinity purification of total soluble extracts from an E. coli strain carrying the empty expression vectors were also printed on the array to determine the maximum background signal due to contaminants possibly generated by incubation with the sera under investigation, which always resulted in a mean fluorescence intensity (MFI) not higher than 1023 (Standard deviation, SD, 461 Figure 1C ). To compare data from different experiments we used a normalization method previously set up and validated for our system (Reguzzi V., personal communication), in which the experimental IgG curve of each slide was adjusted on a reference sigmoid IgG curve, and the background-subtracted MFI values of each protein were normalized accordingly ( Figure 1D and Materials and Methods). The definition of the MFI of the reference IgG curve also permitted us to assess that the intra-slide coefficients of variation (CV) was lower than 5%, while the inter-slide CV, measured by computation of human IgG MFI values of 50 slides, ranged from 46% to 30% for FI values lower than 15,000 (value corresponding to the normalized MFI value of buffer spots plus 2 standard deviations as described in Materials and Methods) and decreased to approximately 20% for FI values higher than 15,000. On the basis of these results, a normalized FI value of 15,000 was arbitrarily chosen as the lowest signal threshold for scoring a protein as positively recognized by human sera. In addition, a second FI cut off of 40,000 was arbitrarily defined to mark highly reactive proteins and/or identify high titer sera, which in our experimental system corresponded approximately to the saturation segment of the human IgG curve ( Figure 1D ).
Serological profiling of tic, no tic and pharyngitis sera
In the attempt to determine if there is a link between GAS infection or exposure to GAS antigens and tic disorders, the GAS protein array was probed with 61 sera from patients with tics. At the time of the visit patients did not show clinical signs of pharyngitis and the percentage of GAS carriers in the group (14.7%) did not differ from that observed in a normal children population falling in the same age range [12] . A similar analysis was carried out using 35 sera from children without tic disorder and without pharyngitis symptoms (referred to as ''no tic'') and 239 sera from GASpharyngitis patients (confirmed by throat swab and isolation of the infective GAS strain). All groups were formed by 4-14-year-old children. Sera reactivity was evaluated by detecting total IgG bound to each protein spot using fluorescently labeled anti-human IgG and measuring the FI values for each antigen. To define the antigen recognition pattern of the three sera groups, the normalized FI values were subjected to unsupervised bi-dimensional hierarchical clustering using the Pearson algorithm to calculate cluster distances. The clustered view of the antibody recognition profiles of the GAS antigens observed for tic, no tic and pharyngitis patients, for a total of 335 sera, is shown in Figure 2A . This analysis resulted in the definition of 5 different major clusters at the second level of hierarchy. Cluster I included 181 sera (30 tic and 151 pharyngitis), cluster II 47 sera (19 tic, 26 no tic and 2 pharyngitis), cluster IV 87 sera (11 tic, 8 no tic and 68 pharyngitis). Clusters III (1 tic and 1 no tic) and V (18 pharyngitis) included a minority of the tested sera. Most of the tic sera distributed without any statistically significant difference in clusters I, II and IV, while pharyngitis sera were grouped in clusters I, IV and V ( Figure 2B ). Remarkably, nearly 80% of the no tic sera segregated in cluster II, indicating that the large majority of sera belonging to the negative control group had a significantly different antigen recognition pattern as compared to the other two sera classes.
Specific immunogenicity of GAS antigens in tic, no tic and pharyngitis patients
When we analyzed the tic sera reactivity frequencies for each single antigen, 50% of them (51 antigens) resulted to be recognized by at least 30% of the tic patient sera (18 sera), while approximately 25% resulted to be reactive against less than 10% of them. Three groups of immunogenic antigens could be distinguished: (i) one consisting of 25 proteins (Table 1) , which were recognized with similar frequencies by all three sera families. Several known immunogenic GAS antigens fell in this subset, such as M proteins, streptolysin O (SLO), streptokinase A and C5a peptidase precursors. The fact that these antigens were also recognized by sera belonging to the no tic negative control group, was not considered contradictory since these individuals had most probably already experienced GAS infections; (ii) another group of 21 proteins (Table 2) , recognized with comparable frequencies by both tic and pharyngitis sera but with statistically significant lower frequencies by no tic sera; (iii) a third group of 5 proteins (Table 3 and Figure S1 , Supplementary Information), which were instead recognized with statistically significant higher recognition rates by tic sera compared to both pharyngitis and no tic sera. Interestingly, approximately 40% of tic sera (24 out of 61 tested) were simultaneously reactive against at least 3 of these antigens ( Table 4) .
The possibility that a correlation existed between the observed serological profiles and an ongoing or recent GAS infection was evaluated by considering the anti streptolysin O (ASO) titers of tic patients. According to our previous works [13] we fixed the cut-off of 407 International Units (I.U.) to define high or low ASO titer. When 31 tic sera with high ASO were compared to 16 tic sera with low ASO, we did not observe major differences neither in the type nor in the total number of recognized GAS antigens (not shown).
To confirm and further validate our data, IgG levels against few test antigens included in the three groups were analyzed by standard methods. When 8 negative sera (MFI,15,000) and 8 positive sera (MFI.15,000) against each of the antigens Spy0843, M5005_Spy0249, Spy 1306 and Spy 1939 were tested by ELISA, statistically significant titer differences were observed among negative and positive sera, as defined on the basis of the MFIs resulting from the micro-array analysis (Figure 3) .
Comparison of the immunoreactivity of tic sera
The relationship between tic and anti-GAS immune response was confirmed and strengthened by comparing the overall reactivity of the three sera families against the 102 antigens spotted on the chip. While the percentages of antigens recognized by .30% of tested sera (.18 tic, .72 pharyngitis and .10 no tic sera) were not remarkably different for the tic and pharyngitis groups (51 and 43 antigens respectively), no tic sera recognized overall fewer antigens (24 antigens) ( Figure 4A ). Significant divergences between tic sera and the other two sera families were instead observed when the differences in spot intensities were considered, as indicative of differential antigen-specific IgG levels. In fact, we verified which were the percentages of antigens recognized most intensely by the three sera families (FI.40,000, arbitrary cut-off) and, conversely, which the percentages of sera generating on the array a very high signal (FI.40,000) against at least 30% of the tested antigens (31 antigens). The percentage of GAS antigens recognized by the tested sera with FI.40,000 was 36% in the case of tic patients (37 antigens), 21% in the case of pharyngitis patients (21 antigens) and 18% (18 antigens) in the no tic group ( Figure 4B) . Similarly, 33% of the tic patient sera (20 sera) reacted very intensively (FI.40,000) with at least 30% of the spotted antigens (31 antigens), as opposite to 12% of the pharyngitis patient sera (29 sera) and only 3% (1 serum) of the negative control group sera ( Figure 4C ). In both cases, statistical analysis carried out using the x2 test and referring to a P value,0.05 confirmed that the differences observed between the reactivity of tic sera and the other two sera groups were statistically significant.
Discussion
In this work we have addressed the issue of whether a consistent and strong correlation between tic disorders and GAS infection could be established. To this purpose, we have carried out the first systematic analysis of the IgG response of tic patients sera versus a representative panel of GAS antigens and the resulting data were compared to those obtained with sera from children either without tic or with pharyngitis.
The protein micro array approach which we exploited turned up to be appropriate to test a total of almost 350 human sera against over 100 bacterial antigens, demonstrating that this technology should be taken into account whenever large sets of data on in vivo expression of pathogen antigens and on the subsequent host immune response are required. Protein micro array confirmed to be a fast, easy and sensitive approach and the results that we obtained with the different controls were sufficiently Numeric values refer to % of positive sera of each class versus each antigen.
When the SPy number is not available, the gi-number is indicated. robust to validate data obtained with the biological samples. As a further confirmation, the different MFIs obtained with either positive or negative sera and which were indicative of differential antigen-specific IgG levels, appeared to be fully consistent with the corresponding IgG titers determined by using a more conventional ELISA assay (Figure 3) , confirming what previously observed by Robinson et al. [14] , who not only demonstrated that chip and ELISA results correlate but who also highlighted the higher sensitivity of the array approach.
Two major conclusions can be derived from our protein array results. The first one is that the serological profiles observed in tic patients were similar to those observed in sera of patients who experienced a common acute pharyngitis. In fact our analysis established that 46 antigens, out of the 102 present on the chip, reacted against tic and pharyngitis patient sera in a similar manner, being each of them recognized by comparable percentages of sera from the two groups (Tables 1 and 2 ). Remarkably, the profiles of both sera groups were significantly different from those observed in no tic patients (Table 2 and Figure 2) . The second conclusion coming from the array results is that the IgG response of tic sera appeared to be overall quantitatively stronger than that observed in pharyngitis patients. In fact, when we took into account the frequencies of highly reacting antigens and sera (MFIs higher than 40,000), they appeared to be significantly higher in tic patients, compared to both pharyngitis and no tic patients ( Figure 4B and 4C) .
Overall, the results discussed so far demonstrated that a large number of GAS antigens eliciting an immune response in the course of a common acute pharyngitis were also recognized, and even more robustly, by tic sera. These data provide the first evidence that tic patients exhibit serological profiles typical of individuals who have mounted a broad, specific and strong immune response against Group A Streptococcus antigens, strengthening the relationship between tic disorder and GAS infection, so far based only on discordant epidemiological reports and few signs of infection [15] .
The established association between tics and GAS infections raises the question of how and to what extent may the pathogen contribute to the onset or recurrence of this disorder. This is even more intriguing considering that the immune response against Numeric values refer to % of positive sera of each class versus each antigen. Recognition percentages from No Tic sera were significantly lower (P,0.05) when compared to those obtained with either Tic or Pharyngitis sera, as established by using the two-tailed x 2 test. M5005 SPy number used since the protein, although present, was not annotated in SF370 M1 strain. doi:10.1371/journal.pone.0006332.t002 Table 3 . GAS antigens preferentially reacting against tic sera. Numeric values refer to % of positive sera of each class versus each antigen. Number of tic, pharyngitis and no tic sera positive against each antigen were compared using two-tailed x 2 test, resulting in a statistically higher number of positive tic sera as compared to pharyngitis and no tic sera (P,0.05). GAS antigens which we observed occurred in tic patients in the presence of neuropsychiatric symptoms but in the absence of overt GAS infection, as testified by the lack of clinical signs of pharyngitis and by the usual GAS carrier frequency observed in the tic patient population. Additionally, the fact that no major differences were observed between tic patients with low or high ASO titers further suggested that the serological profiles of these patients were not strictly correlated with the immune response against SLO, which is the parameter routinely used to confirm an ongoing or recent GAS-induced pharyngitis.
Still much has to be explained on how GAS infections contribute to the wide spectrum of post-streptococcal syndrome of the central nervous system (CNS) [16] . It is assumed that CNS disease predisposition is dependent on a multiplicity of factors, among which genetic background [16, 17] , and that GAS infections ''per se'' are not the primary cause of the outcome of CNS disorders but contribute as cofactors triggering the disorder outcome or increasing the risk for the disease to occur, especially in the presence of a particular genetic predisposition.
Induction of non-suppurative sequelae due to ''molecular mimicry'' between bacterial antigens and host tissues distinguishes Group A Streptococcus from related streptococci and most of other human bacterial pathogens. Protein M is the prototype antigen causing ''autoimmune sequelae'', primarily represented by acute RF and by rheumatic heart disease (RHD). These pathologies have indeed been linked to mimicry between M protein and cardiac myosin, due to the immunological response to GAS infection which would cause induction of specific crossreacting antibodies and inflammatory T cells infiltrating and damaging the myocardium or valve [18, 19] . Similar structural and immunological similarities have been found between M protein and several other auto antigens such as tropomyosin, vimentin, keratin and laminin [1] . The glycolytic enolase enzyme has also been identified as an additional antigen, possibly playing a role in acute RF development. In fact, antistreptococcal enolase antibodies appeared to cross-react with human enolase and sera from acute RF patients had higher anti-human and anti-bacterial enolase titers compared to those found in sera of both pharyngitis number of antigens reported in Table 3 simultaneously recognized by the same serum.
(b)
percentages of positive sera (number of positive sera/total sera tested) simultaneously recognizing the number of antigens indicated in the first column. and healthy control subjects [20] . Similarly, antibody titers against 5 streptococcal antigens and 4 tissue antigens possibly involved in molecular mimicry, were recently shown to be significantly higher in acute RF compared to pharyngitis patients [21] .
The possibility that post-streptococcal autoimmune events similar to those mentioned above could play a role in causing or contributing to neuropsychiatric disorders is still under evaluation. This hypothesis appeared to be supported by the fact that higher levels of antibodies directed against brains structures were observed in children with OCD and PANDAS [22, 23] and that patients with Tourette's syndrome and tic disorder have increased titers of antibodies specific for streptococcal M protein [24] , which is known to elicit antibodies cross-reacting with human brains proteins [25] . Further support to the autoimmune hypothesis derived from the observations that monoclonal antibodies obtained from Sydenham's chorea patients [26] showed specificity for mammalian lysoganglioside and N-acetyl-b-D-glucosamine (GlcNAc), the dominant epitope of group A streptococcal carbohydrate, as well as from data indicating the M1 isoform of pyruvate kinase [27] and additional neuronal surface glycolytic enzymes [28] as autoimmune targets in Tourette syndrome and other CNS diseases.
On the basis of this background, our data demonstrating a strong immune response against GAS antigens in tic patients even in the absence of evident infection, suggest that the serological profile observed in these patients may be relevant in the context of one of the current hypothesis [23, 29] proposing that antibodies directed against specific streptococcal antigens could be responsible for auto-immune reactions triggering the occurrence of tic disorders in susceptible individuals. In this scenario, peaks of autoimmune response against critical GAS antigens may occur cyclically, due to repeated boosts, as a consequence of either recurrent infections or re-exposure to the pathogen capable of surviving within the host, causing periodic release and exacerbation of neuropsychiatric or behavioral symptoms in children.
In conclusion, we believe that our data demonstrated the link existing between tic disorder and GAS infection and strengthened the concept that a relationship may exist between tics and antibody response against Group A Streptococcus antigens. While it is presently difficult to evaluate whether an immune response against any of the 51 antigens recognized by tic sera plays indeed a role, we think that these observations could encourage further experiments aimed at better defining the role which specific streptococcal proteins play in the manifestation of children neuropsychiatric disorders.
Materials and Methods
Selection, expression and purification of GAS surfaceexposed antigens
Computer programs included in the GCG Wisconsin Package version 11.1, in combination with PSORT program, were used to analyze the SF370 strain sequence and to select a subset of predicted surface-exposed and secreted proteins. Proteins included in the subset were those containing leader peptides, lipoprotein signature, outer membrane anchoring motives, host cell binding domains such as RGD and homologies to known surface proteins or to known virulence factors. As a result of this activity, 96 genes were selected from SF370, cloned and expressed in E. coli both as a C-terminal His-tag fusion protein or as a double fusion protein with an N-terminal GST peptide and a C-terminal His-tag [30] . Following IMAC or Glutathione-sepharose affinity-chromatography, the antigens were successfully purified from the bacterial soluble fraction, dialyzed against PBS buffer and used to assemble the GAS-specific protein array. In addition 6 emm genes were cloned from strains with different M types and the corresponding proteins were purified and spotted on the chip. The proteins were: M1 from SF370, M2 from 2726 strain, M3 from MGAS315, M9 from 2720 strain, M12 from 2728 strains and M23 from DSM2071. All antigens are listed in Supplementary Table S1. which were then used for this study. The Ethics Committee of Policlinico Umberto Iu, Università La Sapienza, and the Institutional Review Board of the Methodist Hospital Research Institute authorized the use of residual materials for research purposes. No formal consent was required to perform protein chip experiments since sera and data were used and analyzed anonymously.
Statistical analysis
Statistical differences among sera groups, ELISA titers and MFIs were analyzed using the two-tailed x 2 , the T student or the Fisher's exact tests. Differences were considered statistically significant when P values below 0.05 were obtained. Figure S1 GAS antigens preferentially reacting against tic sera. 
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